Abstract An RF compensated cylindrical Langmuir probe system has been developed and used to characterize an RF capacitive two temperature plasma discharge in a stochastic mode. The novelty of the work presented here is the use of the driven electrode (cathode) without ground shield. Measurements of the electron energy distribution function (EEDF) and plasma parameters were achieved under the following conditions: 50 W of RF power and 5×10
Introduction
Hydrogenated amorphous carbon (a-C:H) thin film prepared by radio frequency plasma enhanced chemical vapor deposition (PECVD) [1] is the subject of great interest for hard and optical coatings applications. The targeted key parameters of PECVD technique are a good thin film deposition rate [2] , high purity by lowering the pressure and uniformity by optimizing the confinement of the electrode configuration. In addition, capacitive discharges are commonly used in the deposition process and are extensively studied [2−9] . Also, the discharge mechanism in low-pressure capacitive discharges has been known and studied by several authors [3−5] . The mechanism is mainly sustained by collisionless stochastic heating of electrons when they are interacting with the oscillating sheath [3, 10, 11] . On the other hand, when the reactor is asymmetric, the selfexcitation of non-linear plasma series resonance (PSR) oscillations of the RF current must be present and will affect the stochastic electron heating [10] via non-linear electron resonance heating (NERH). The effect of a resonantly sustained discharge, where the driving RF frequency is close to the PSR frequency has already been investigated in Refs. [10, 12, 13] . In most capacitive discharge configurations, the driven electrode is shielded to ground. Hopkins [4] studied the radial profile of the plasma density in a GEC capacitive discharge at 0.133 mbar of argon pressure, in one-temperature plasma with driven electrode shielded to ground. This pressure presents in some case the transition point from the stochastic regime (with bi-Maxwellian distribution) to the Ohmic regime (with Druyvesteyn distribution) but generally, this depends on many parameters such as gas and discharge symmetry Other solutions can be suggested like using a perforated [14] and magnetized cathode without a ground shield for an efficient confinement of the surrounding electrons all along the cathode. The holes could be seen as communication canals between the confined electrons. This configuration could enhance the plasma density with good uniformity. This idea will be the subject of a future study. In order to investigate the plasma parameters such as the electron energy distribution function (EEDF), the plasma and floating potentials and the electron density and temperature, the Langmuir probe is one of the simplest techniques and the most used [15] . In this article, the plane cathode without a ground shield is used as a first step to investigate the radial uniformity of two-temperature plasma parameters in the stochastic regime. For that purpose a Langmuir probe has been developed and used under the following conditions: 5×10 −2 mbar of argon pressure and 50 W of input RF power.
Experiment

Experimental set-up
The experiment details are already reported in a previous work [16] . Briefly, the apparatus consists of a cylindrical stainless steel chamber with 215 mm inner diameter and 204 mm height. The gap distance between the two plate electrodes (110 mm in diameter) is fixed at 60 mm. The lower electrode and the chamber of the reactor are grounded while the upper electrode (cathode) without ground shield is powered with RF supply. The plasma was created around the cathode which was subjected to 50 W of power provided by an RF generator (at 13.56 MHz) via an impedance matching network, all under 5×10 −2 mbar of argon pressure. This reactor is geometrically asymmetric and a DC self-bias is present and is more negative, due to the smaller area of the powered electrode compared to the grounded area. The value of the DC self-bias in our experimental conditions is about −250 V. A home built cylindrical Langmuir probe was used to characterize the plasma. It consists of 0.3 mm diameter tungsten probe tip with 7 mm length exposed to the plasma. The probe was shifted horizontally in the radial direction (0 cm≤ r ≤ 9 cm) from the center of the interelectrode region to the cylindrical chamber wall. In the generated plasma, a passive compensation method with self-resonant RF choke inductors was used to minimize the RF disturbance [3, 16, 17] . For that purpose the RF fundamental of 13.56 MHz and its harmonics were filtered. The probe was connected to a PC-based data acquisition and control system using LabVIEW interface, as shown in Fig. 1 . Fig. 2 shows the collected current characteristics by the Langmuir probe as a function of the applied voltage. The first parameter that can be determined is the floating potential V f defined as the zero-crossing point of the experimental I-V curve [18] (I = I e + I i =0). The plasma potential V p is determined by the peak of the first derivative of the current (dI/dV ) [3, 18] .
Probe analysis
Before this operation, the data are smoothed to remove digital noise [19] by using a method called "locally weighted scatter plot smooth" (loess function in Matlab). This method uses locally weighted linear regression to smooth data. To have accurate values of electron density n e and temperature T e from the I-V characteristic, the ion current I i is subtracted from the total probe current I to give the electron current I e . In the present case, the orbital motion limit (OML) theory [20, 21] is found to be rather appropriate inside the inter-electrode region, 0 cm ≤ r ≤ 4 cm. In these conditions, the ion current is fitted as parabolic function and its squared curve is linear [20] . However, for 5 cm < r ≤ 9 cm, I i is fitted according to a linear function and its squared curve is parabolic. The EEDFs are determined from the second derivative d
2 I e /dV 2 of the electron current [22] (Fig. 2) . The electron densities and temperatures are determined in two different ways and compared. The first way is achieved by integrating the EEDFs [18] to obtain the electron density n e and then the effective electron temperature T eff [23] . Because of the low magnitude of I i (∼100 µA) over the negative potential range, the ion branch showed important fluctuations of the current. This is due to the low frequency noise of conditioning circuit [24] ( Fig. 1 ) and to the low resistor value (100 Ω) used in the measurements. As a consequence, the residual fluctuations appeared again on the tail of the EEDFs [24] after subtracting I i and after calculating the second derivative d
2 I e /dV 2 . In integration of the EEDF, it is possible to avoid wrong values of n e and T eff by limiting the dynamic range of EEDF integration to its first zero crossing point.
The second way corresponds to the fitting of the transition region of the measured I e -V curve as the sum of two exponential functions. The first function corresponds to the low-temperature (cold) group with density n e−cold and temperature T e−cold , and the second one corresponds to the high-temperature (hot) group with density n e−hot and temperature T e−hot .
Results and discussion
Measurements of plasma parameters in the radial direction of the cylindrical reactor were performed to investigate their uniformity. Fig. 3 shows the measured EEDFs based on the Druyvesteyn method [16, 22] performed by the Langmuir probe. The result reveals a bi-Maxwellian distribution of the EEDFs with two electron groups and its shape remains the same through the radial positions. Similar behavior of the EEDFs in the centre of the discharge, 85 mm above the powered electrode with ground shield, was demonstrated by Tatanova [25] at the same pressure and 20 W of RF power. The co-existence of these two electron groups is explained by the collisionless electron stochastic heating mode near the plasma sheath boundaries. Their temperatures are shown in Fig. 4(b) where it is easy to distinguish between them. The cold group, notated T e−cold , with low temperature (0.6-1.4 eV) is for the EEDF peak at low electron energy (< 6 eV). Similarly, the other group, or hot electron group, notated T e−hot , with high temperature (2.3-4 eV) is for the EEDF tail at high electron energy. At the center of the plasma chamber between the two electrodes (r = 0 cm), the low temperature group presents the major part of the bi-Maxwellian with a factor of 25 in regards to the high temperature group. In addition, when the radial position R increases, the low energy electron peak of the EEDF decreases quickly, while the tail of the EEDF remains relatively without significant changes. For the low energy group there is a small shift in peak energy of EEDF to the right toward higher energy values compared to theoretical EEDFs, as reported by Hopkins [4] . This is probably due to an insufficient RF compensation which is manifested by a small enlargement of the second derivative curve d
2 I e /dV 2 ( Fig. 2) and a shift of the plasma potential V p . In Fig. 4(a) the radial profiles of electron densities are shown. It can be seen that the low-temperature electron density n e−cold , decreases from 1.1×10 10 cm −3 to 1.7×10 8 cm −3 when the Langmuir probe is moved from the center (r = 0 cm) toward the chamber wall (r = 9 cm), while in Fig. 4 (b) their temperature T e−cold remains constant (∼1.5 eV) for 0 cm ≤ r ≤ 4 cm, then it decreases to a minimum (∼0.6 eV) at r = 7 cm, and finally it increases for higher values of r (toward the wall). However, the electron density n e−hot of the high-temperature group increases to reach its maximum at r = 6 cm, close to the radial cathode edge (r = 5.5 cm), and decreases after this position while the electron temperature T e−hot decreases to reach its minimum at r = 7 cm, and then changes the slope to increase slightly for higher values of r. The appearance of the n e−hot peak, r = 0.5 cm outside the radial cathode edge (r= 5.5 cm), may be due to the existence of a strong electric field in this region, which can be attributed to the edge effect of the planar cathode without ground shield [6] combined with a proximity of the cathode edge with the cylindrical chamber wall located at 5.25 cm from it. As the high-energy electrons have a smaller collision cross section and because the temperature T e−hot is higher at 0 cm than that near the radial cathode edge, then the density n e−hot is lower at r= 0 cm than that near the radial cathode edge, with a ratio of six. Lawrence [26] measured the radial profile of the one population electron density in argon GEC reactor, but at higher pressure (0.1 mbar), with lower inter-electrode gap (2.54 cm), and with ground shielded cathode. He observed an increase of the one population electron density at the radial electrode edge with maximum occurring 1 cm inside of the electrode edge (5 cm). He explained this behavior by field and ionization enhancement at the electrode edges due to the close proximity of the ground shield and driven electrode. Fig. 4(a) shows also a radial profile of the electron density n e , deduced by integrating the EEDF [18, 23] , and the density sum (n es = n e−cold +n e−hot ) of the two electron groups. Fig. 4(b) shows the effective electron temperature T eff [18, 23] , deduced from the integration of the EEDF, and the weighted mean temperature (averaged) T e . The electron density n e decreases with Gaussian profile along the radial position, as shown in Fig. 5 . It decreases by a factor of two from its maximum at the center (r = 0 cm) to the cathode edge (r= 5.5 cm), and by a factor of 10 towards the wall. The Bessel profile J 0 (2.4 r/R), which represents the exact ambipolar diffusion profile in cylindrical geometry, is drawn in the same figure. In our case, the radial profile of the density can be approximated by the Bessel function in most ranges of the radial distance [0, 0.9×R] cm. Lempérière [17] found a similar behavior of the radial profile of the electron density and temperature, with shielded cathode, under 0.1 mbar of pressure, 30 mm of inter-electrode gap, with Gaussian profile of density, approximated to Bessel curve in the inter-electrode region, and with lower values of temperatures (0.28-0.5 eV). The values of both densities n e and n es are very close at different positions in the discharge but the values of n e are generally lower than those of n es . This is due to the different calculation methods employed for each one. n e is underestimated compared to n es because its method of calculation requires a smoothing of the current-voltage curve, the second derivative of current (inducing information loss in the EEDF), and the integration of EEDF. The two temperatures T e and T eff also exhibit the same behavior over the radial distance range. They are almost constant within the interelectrode region and then increase outside the radial cathode edge position limit. The effective temperature T eff is overestimated compared to T e due to the underestimation of n e , which is involved in the calculation of T eff when integrating the EEDF. The same radial behavior of the effective electron temperature has been reported in other previous work with the helicon discharge [20] , and with the DC discharge [17] . As a consequence of this result, it may be possible to improve the radial uniformity of the plasma if there is a way to act on the edge effects of the cathode to increase the peak intensity of the hot electron density. As a result the value of the total density will increase in the same region, which will make it more uniform.
By decoupling the two groups, the proportion of the hot group with temperature (2.3-4 eV) and the cold group (0.6-1.4 eV) in terms of electron density has been estimated, as well as its evolution along the radial position (as illustrated in Fig. 6 ). The density ratio of the hot electrons and the cold electrons (n e−hot /n e−cold ) increases exponentially from 0.04 to 10 when the Langmuir probe is moved from the center towards the chamber wall. The dotted vertical line in the figure denotes the radial cathode edge position at which the density ratio is close to unity. It is shown that inside the interelectrode region the cold electron group is more important than the hot one. But outside this region, the hot electron group becomes more dominant with movement toward the wall. Another way to better understand the behavior of the electron density and temperature is analyzing the Debye length λ D ∝ (T e /n e ) 1/2 . This parameter explains very well why the OML theory is the most appropriate for the present configuration, only when r≤4 cm (see section 2.2). As the radial position increases, λ D increases, resulting from a decreasing density, n e , and an increasing temperature, T e . The value of λ D is found to be very small inside the inter-electrode region, compared with the value outside. Consequently, the shape of the sheath around the cylindrical probe is cylindrical at the inter-electrode region with small sheath length and becomes bigger near the wall due to the expansion of the Debye length. It finishes reaching a spherical shape near the wall. Here, the collected current is proportional to the voltage. So, when R increases the ion current fits as a linear function and not a parabolic one. For 0 cm ≤ r ≤ 4 cm, the electron density decreases by 30% of its maximum value, while the temperature remains constant. This situation coincides with the transition from OML to linear ion current.
In addition to the measurement of the plasma density and temperature, radial profiles of the plasma potential V p and the floating potential V f are acquired for 0 cm ≤ r ≤ 9 cm, as shown in Fig. 7 . The plasma potential decreases from 25 V at 0 cm to 22 V at 9 cm while the floating potential decreases from 16.5 V to 9 V. The two potentials begin to undergo a serious decrease for r > 4 cm and continue to decrease. However, the floating potential decreases more significantly (45% of the maximum) than the plasma potential (10%) over the range swept by the Langmuir probe. Under the same pressure, 20 W RF power, and cathode with ground shield, Tatanova [25] found that the radial profile of the plasma potential, inside the inter-electrode region, is weakly inhomogeneous with lower values of V p (21-22 V). The rapid decrease of the floating potential towards the chamber wall (Fig. 7) is explained by the increase of the effective electron temperature enhanced by the importance of the hot electrons predominance relatively to the cold electrons. On the other hand, the difference between the plasma potential and the floating potential must be proportional to the averaged electron temperature in the case of Maxwellian distribution (Chen [27] ). Consequently, this potential difference must then also increase as the temperature increases. Since the plasma potential decreases towards the chamber wall, the floating potential must decrease more quickly. So, V f shifts negatively as the collected electrons are hotter. At the same time, the difference between the two potentials (V p − V f ) is seen to increase for r > 4 cm, similar to the behavior of the effective temperature. The relation between them can be expressed as:
where A is a proportionality constant estimated in our case to be about 4.5 which is in good agreement with the work of Chen [27] . Chen gave a value close to 5 in the case of RF plasma with Maxwellian distributions and cylindrical probe.
In the plasma boundary, near the wall, the floating potential should approach zero volts because the plasma chamber is grounded to zero. The radial fall of the plasma potential toward the walls induces an electrostatic field of space charge oriented from the interelectrode region to the walls, too. The effect is a slowing of the radial loss of electrons and an attraction of the ions to the walls, which ensure a diffusion regime different from the ambipolar regime but close to it in the radial range [0, 0.9×R] cm, as shown in Fig. 5 . Therefore it maintains a charge balance and a global neutrality of the plasma. 
Conclusion
The radial profile of the measured EEDFs in lowpressure stochastic heating mode is found to be biMaxwellian. The profile shape remains the same through the radial direction with a reduction of its size. The radial profile of electron density is found to be Gaussian and the effective temperature shows an increase outside the radial edge region. Concerning the radial profile of the hot and the cold electrons groups, they are found to be different with maximum hot electron density at the radial cathode edge and maximum cold electron density at the center of the inter-electrode region. The density ratio of the two groups shows a predominance of the hot group outside the inter-electrode region and the cold group predominance inside this region. As a consequence of this result, it may be possible to improve the radial uniformity of the plasma if there is a way to act on the edge effects of the cathode. This can be achieved by increasing the peak intensity of the hot electron density near the radial edge and then increasing the value of the total density in the same region. The plasma uniformity may thus be obtained along the inter-electrode region.
